A necessary consequence o f the classical theory o f the turbulent transfer of heat in the atmosphere is that the flux o f heat is in the direction from high to low potential temperature, and this normally involves the flux being from low to high actual temperature. On exam ina tion this is shown to be consistent w ith the second law of thermodynamics.
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vaporization of water by the vertical interchange of water vapour. Transfer of heat by molecular diffusion can be regarded as negligible. This paper will be concerned primarily with the first mechanism, and the discussion will be restricted as far as possible to occasions when mass transfer of air and latent heat effects are not operative.
The chief agent in the interchange of radiant energy in the lower atmosphere is water vapour, the activity of which is all in the infra-red part of the spectrum. This interchange has been discussed by Brunt (1929) , who concludes th a t the radiative transfer of heat in the lower atmosphere, while enormously greater than molecular transfer, can in general be neglected in comparison with turbulent transfer. B runt's work was based on H ettner's values of the coefficients of absorption. Since recent work has shown th at these coefficients are too high, it appears th a t water vapour should play a yet smaller part in its effect on the redistribution of temperature than was previously supposed.
Recent work in America on the water-vapour spectrum has been incorporated in an atmospheric radiation chart designed by Elsasser (1942) . Work with this chart has shown that, at levels in the atmosphere away from the surface, radiative transfer is quite negligible compared with accepted values for the flux of heat by eddy diffusion. This conclusion is confirmed by Elsasser himself and Ashburn (1940) .
The effect of radiation is to carry heat from high to low temperature and, as will be shown later, is thus in general opposed to the direction of transfer by eddy dif fusion. But the evidence quoted above shows that, over short intervals at least, radiative transfer is completely outweighed by eddy transfer.
C. H. B. Priestley and W. C. Swinbank 2 . T h e c l a s s i c a l t h e o r y o f e d d y d i f f u s i o n
The vertical transport of heat by eddies in the atmosphere has been discussed by Taylor (1915) in a treatm ent later modified by B runt (1929, 1939) . They con sidered the transfer of heat by eddies across a horizontal surface in the atmosphere a t height z (strictly an isobaric surface should be considered, but the approximatio is amply justifiable). The pressure, environmental temperature and density at this level are denoted by p, T0(z) and p0(z) respectively. An eddy which crosses this level with upward vertical velocity w is regarded as having a density p and temperature
T0(z)+r,
where T ' maybe termed the ' temperature anomaly '. The upward flux of heat across the surface per unit area per unit time is then cv(pwT0+pwT'), cv being the specific heat of air at constant volume. The bars denote mean values over the area. Since there can be no net transfer of mass across an isobaric surface, the average value of pw is zero when the area and the time consid sufficiently great, and the flux of heat reduces to Vertical transport of heat by turbulence in the atmosphere 545
cvpwT'.
In this expression the variation of density between eddies crossing the datum level has been allowed for. B ut whereas w and T ' assume both po p is an essentially positive quantity which in practice varies by only a small per centage of its mean value. The existence of an appreciable flux depends ultimately on the existence of a correlation between and T ', and with sufficient accuracy the flux may be represented as p0cvw T'.
Professor Taylor and Professor Cowling have pointed out, in correspondence, th a t this is not the only flux to be considered. There is also a mean rate of working pw when there exists a mean velocity w through for the ' density anomaly ' defined in the same way as T', then in a constant-pressure surface , p T -+ 7 fT = 0. Now pw = p0w+p'w = 0, so th a t w = and the flux of mechanical energy is
pw = ~w T ' = p0(cp -c v)w T ' J o
(cp is the specific heat of air a t constant pressure). When the two fluxes are com bined, the total flux of energy is accordingly
The classical theory regards an eddy as having originated at a depth l below the dT 3 surface, where the temperature is T0 -
OZ OZ
ture, assumed constant in the layer zt o zsample of the air at its level of origin, and to move adiabatically during its transfer to the level z. On these assumptions the temperature anomaly T ' is equal to idT \ _ d _ _ o + n , where r is the dry-adiabatic lapse rate of temperature, and the upward flux of energy across the surface is then The product wl is supposed essentially positive for both upward and dow moving eddies, since w and l have the same sign for a given eddy. T of this product wl is denoted by K , called the coefficient of eddy diffusiv flux of energy, written as
is thus necessarily from high towards low values of potential temperature, since, if 0 = potential temperature, = ^ • 546 C. H. B. Priestley and W. C. Swinbank
. S o m e a s p e c t s o f t h e c l a s s i c a l t h e o r y
There are two aspects of the effects of the turbulent transfer of heat th a t can be examined in the light of recognized principles of thermodynamics and mechanics.
Equation (3) shows th a t the transfer of heat by eddy diffusion is from regions of high to regions of low potential temperature. A characteristic feature of upper-air temperature soundings is the universal decrease of temperature with height through out the troposphere (except occasionally in the layers near the ground), and the stability of the air with respect to the dry-adiabatic lapse rate. I t is readily seen th at this latter effect implies increase of dry-bulb potential temperature with height. Thus the general effect of eddy diffusion throughout the troposphere, in the absence of evaporation and condensation processes, is to transfer heat downwards from regions of low to regions of higher temperature. This may a t first sight appear to be a contravention of the well-established Second Law of Thermodynamics. The apparent difficulty can be resolved when it is realized th at turbulent transfer in the free atmosphere derives from the existence of vertical wind shear; and wind shear is an effect of horizontal temperature gradients which are ultimately derived from heat which has been transferred upwards from regions of high to regions of low temperature. Thus the downward transfer of heat by eddy diffusion against the temperature gradient may be regarded as one stage in a process which, viewed as a whole, does not conflict with thermodynamical principles.
There is also an aspect of the effect of turbulent diffusion of heat which appears to conflict with accepted principles of mechanics, but which again can be resolved in terms of the wind shear. If one considers a layer of the atmosphere wherein the lapse rate of temperature is less than the dry-adiabatic, and excludes cases of condensation and evaporation, then the ultimate condition of the layer as a result of eddy transfer of heat will be one of potential temperature uniform with height. The gravitational potential energy of the layer in this state is greater than in the initial state, and this would appear to conflict with the minimum potential energy principle of mechanics. The work necessary to effect this increase in gravitational potential is done by the wind shearing stresses, and when a vertical wind shear exists it can be regarded as a form of potential energy. As shown by Petterssen & Swinbank (unpublished) , the wind shear across a layer of uniform potential temperature is very small, and so the work done by the shearing stresses to increase the potential energy of the layer reduces the wind shear potential energy. Thus when all forms of potential energy are considered, the consequence of eddy transfer of heat is not necessarily an increase of total potential energy. Indeed Richardson (1920) has used as a principle th a t the work against gravitational forces in turbulent mixing is done by the shearing stresses.
On the other hand, it remains a problem to explain the almost universal increase of potential temperature with height in the free atmosphere. The classical theory of eddy transfer presents a powerful mechanism which constantly strives to destroy this increase. The theoretical determination of the time necessary to approach such a state (it would clearly take infinite time to achieve it completely) is difficult, but rough approximation shows th a t layers of a few thousand feet in depth, under the undisturbed influence of turbulent mixing, should approach the adiabatic state in a time of the order of magnitude of hours, assuming accepted values of iri the free atmosphere of order 5 x 104 c.g.s. (see Brunt 1939, p. 255 or Haurwitz 1941, p. 212) .
Occasions when large-scale vertical motion, and thereby condensation effects, can be excluded from consideration for considerable periods are fairly frequent. Thus a lapse rate approaching the adiabatic through appreciable depths of the troposphere should be a phenomenon of fairly frequent observation. B ut a feature of upper-air temperature soundings is the singular lack of such distributions of temperature away from the surface layers.
Certain other criticisms of the classical theory may be made on logical grounds. Equation (2) shows th at a flux of energy can only result when the temperature at the level considered is subject to the fluctuations represented by T '. Thus when a flux of energy through the atmosphere is operative, the temperature at any level must fluctuate, both in time and in the horizontal plane. In spite of this necessary variation the classical theory, though purporting to assume th at an eddy starts as a ' normal ' sample of its environment, in fact regards it as an ' average ' sample. 'Normal' implies randomness of selection at the level of origin so th at a normal sample would be subject to the fluctuations appropriate to th at level. These fluctua tions are not allowed for in the construction of the equation of flux, and the con sequences of this neglect will be considered in the next section.
A further difficulty lies in the use of the word 'originate'. Taylor (1915) describes an eddy as breaking away from the surrounding air, thereby implying th at at the time when it can be considered a normal sample of its surroundings it is also (vertically) at rest relative to them. This assumption was later discarded when the possibility of different quantities having different diffusion coefficients was discussed in greater detail. If, however, it be admitted that an eddy is typical of its environ ment at different levels according to the property under consideration, then there is no reason to suppose that it is vertically at rest at any of these levels. It therefore does not follow that w, the upward component of vertical velocity, and l, the vertical distance travelled upwards since the eddy was last a normal specimen of its surroundings, are necessarily of the same sign. I t is quite possible for an eddy to main tain its identity and to traverse the datum level successively in opposite directions without, at intermediate times, going through stages where it is typical of its surroundings with regard to each transferable property in turn. In fact there is no reason why it should not do so according to any theory which attributes no special significance to the element being instantaneously at rest in the vertical.
C. H. ±$. Priestley and W. C. Swinbank

. M o d i f i c a t i o n o f t h e t h e o r y
A modified formulation of the theory of flux will now be given in an attem pt to overcome the logical difficulties of the previous section, by adhering to the eddy mixing length method of approach while giving to the concepts 'level of origin' and ' normal sample of surroundings ' a more exact physical definition than has been given hitherto.
Proceeding from expression (2), consider the eddy as having last been a t rest (in the vertical) a t a level l below the datum level I t follows immediately from this definition, by geometrical requirement independent of physical arguments, th a t w and l are of the same sign for every eddy, whatever the nature of the turbulent motion. When last at rest the eddy may be supposed to have had an excess tem perature T" over the average value T0(z -l) of its sur eddy, as in the classical theory, is assumed short in comparison with the time scale of any net average rise or fall of temperature at any level. Then, if the eddy moves adiabatically through the distance l,
T0(z) + T ' = T0(z -l) + T n -Tl,
and, assuming dT0jdz to be constant over the range of the mixing length,
T' = -i (^+ r j + T \ (4)
I t should be noted th at T ' is greater than, equal to, or less than T" according as the lapse rate is respectively greater than, equal to, or less than r .
Substituting from (4) in (2), the flux of energy across the datum surface is seen
which may be written
where K is now an essentially positive quantity. The first term in (5) represents a transfer of heat from regions of high to regions of low potential temperature and the rate of transfer is proportional to the gradient of T + Fz. This is essentially the term derived by the earlier theories, though if K Vertical transport of heat by turbulence the atmosphere 549 is to be analyzed by means of its components a somewhat different interpretation than heretofore is to be given to the definition of l. The second term is the result of the additional consideration th at eddies starting from any level may have temperatures differing from the average value of their surroundings. In fact it represents a discrimination in the direction of motion of individual eddies, as opposed to the purely indiscriminate mixing given by the first term. I t must be emphasized th a t it refers to the correlation between the upward velocity of the eddy as it crosses the datum level and the excess temperature of the eddy when it was last at rest. Thus if there is any overall tendency, however slight, for the warmer eddies to start to rise, the sign of the second term becomes essentially positive and results in a systematic upward flux of heat, irrespective of the sign of W/dz. Having separated the flux into two terms in (5) it will be convenient to refer to them by distinctive names, and the terms ' mechanical turbulence ' and £ convective turbulence ' are suggested as appropriate, the word turbulence being retained since even in the convective form the motion is heterogeneous and the behaviour of individual particles cannot be specified. The second term in (5) will also be referred to as the £ buoyancy term '. Taylor (unpublished) has recognized th at convective forces and dynamical forces result in different laws for the heat flux. His treatment, which has been further applied by Sutton (unpublished) , assumes a flux proportional to -~ + T through a K which may take alternative analytical forms, but the existence of the term called the buoyancy term has not been recognized. After this paper was written it was pointed out th at Ertel (1942) has given an equation similar to (5) above, but his main deductions and conclusions differ fundamentally from those here presented.
Since the buoyancy term wT" is not a measurable quantity, the importance of the modification to the theory can only be inferred. This may be done directly from special observations made in investigations of turbulence, or indirectly from synoptic data. The synoptic approach is essentially the more tentative, and therefore the less conclusive: but since it is the more important to the meteorologist, and has received unduly little attention in previous publications on this subject, it will be given first.
[Note. In comparing the two theories quantitatively, it will frequently be neces sary to estimate a value of K. Where this has to be done the usual practice is followed of considering all features of wind, stability, and height above ground, and assigning the most appropriate value by reference to standard works on the subject. Specific reference is quoted in most cases. This procedure has the disadvantage th at two theories are under comparison by means of a criterion which strictly applies only to one of them. But there appears to be no alternative method. Since the values quoted in the reference works are deduced by other applications of the classical theory, the procedure followed here at least represents a test of the consistency and ability of the classical theory to explain all the observed phenomena.]
. C o n s i d e r a t i o n o f s o m e s y n o p t i c d a t a
Appeal will here be made to three distinct types of synoptic data. In each case it will be shown that, whereas the classical theory fails to account adequately for certain observed facts, the additional consideration of convective turbulence will provide a qualitative explanation of the observed discrepancies.
(i) The problem of explaining the average temperature distribution in the tropo sphere has been referred to in § 3. Over a long period of time the action of convective turbulence will bring about an increase of potential temperature with height, and the rare occurrence of dry-adiabatic layers away from the surface requires no further explanation. This result is vital in cloud and rain forecasting, and it may be th a t the effect is of importance even if the normal fluctuations of temperature at, say, 10,000 ft. are found on investigation to be only of the order of a fraction of a degree. Looking a little further, it is possible th at an approximate balance between mech anical and convective turbulence at very high levels may account for the ability of radiative processes to dominate the heat transfer, and so achieve the isothermal state characteristic of the lower stratosphere, whereas mechanical turbulence would cause a decrease of temperature with height.
(ii) In the case where a super-adiabatic lapse rate exists from the ground upwards, then in th at region where the decrease of potential temperature with height gives way to an increase the classical theory would predict an accumulation of heat. If it is possible to determine two pressure levels a t which the lapse rates throughout an interval of time remain respectively greater and less than the dry-adiabatic, it is possible to assess the amount of heat flowing into the. region bounded by these levels.
Aircraft soundings are sufficiently detailed to allow identification of such levels, and for a 6 hr. time interval it is frequently possible to determine two such levels not more than 15 mb. apart. The gradient of potential temperature a t either boun dary of this layer is usually about 10~4° C/cm. If for the lower level, where the lapse rate is super-adiabatic, one assumes (Brunt 1939; Haurwitz 1941 ) a K of 105 c.g.s. units, then heat will pass into the layer a t a rate of about 2-5 x 10~3 cal./cm.2/sec., which would cause a rate of increase of temperature of the layer of about 3° C/hr. Some inflow of heat through the upper boundary should yield a still greater rate of warming.
An examination was made of a year's aircraft soundings from Aldergrove near Lough Neagh in Northern Ireland, and all cases noted where a super-adiabatic lapse rate was sufficiently marked and deep to be immediately noticeable on a temperature entropy diagram. Of the 733 occasions when a super-adiabatic lapse rate persisted for 6 hr. or more, over 8 0 % occurred in the 5 0 mb. nearest to the ground with the minimum potential temperature at some height between 100 and 1 5 0 0 ft. The observers (pilots of Coastal Command of the Royal Air Force) are instructed to report temperature singularities, especially in the lower layers, and the instrumental accuracy is such th a t it is reasonably sure th a t the potential tem perature ( 6)as computed is less than 1-0° F in error.* A selection was then made of those cases in which the point of minimum potential temperature did not move by more than 15 mb. in 6 hr. By inspection of the synoptic charts, situations in which the temperature change due to horizontal advection was significant were eliminated. Of the remaining cases, only 54 % showed an increase of temperature in the 6 hr. a t the level of minimum potential temperature, while 3 5 % showed a decrease. The mean increase of temperature over all cases was 0-6° F/6 hr., which is a very small fraction of th at predicted above. One can only deduce either th a t the assumed value of K (which has been estimated from other applications of the same theory) is grossly in error, or th at the heat brought upwards by turbulence through the unstable layer is capable of escaping through the upper boundary. Convective turbulence provides such a mechanism.
Figures from two situations are shown as examples of the working data: 
(iii)
When the lapse rate is less than dry-adiabatic right down to the earth's surface, then the classical theory predicts a flux which is everywhere downwards. In con sidering the changes of temperature in the lowest layers of air and top inches of soil the heat quantities involved are then the eddy flux, radiation from the earth's surface, latent heat of vaporization of water condensed on or evaporated from the surface, insolation, radiation from clouds, and the change in sensible heat of the layers of ground. The number of factors involved, as is so often the case in meteoro logical processes, is so great that a quantitative consideration is difficult. Neverthe less this problem is so urgent and important in meteorology th at it has been attempted for one type of situation in which many of the above quantities can be most accurately assessed.
The winter situation known as ' anticyclonic gloom ' may persist for days and is characterized by extensive cloud of the inversion type at about 2000 ft., surface dT winds of 5 to 10 m.p.h., and a value of + r of about 5 x 10-5° C/cm. at 50 ft. This oz latter figure is derived from detailed lower-atmosphere soundings at Cardington, * It is the practice in the Meteorological Office to measure temperature in °F.
and confirms th a t given by Johnson & Heywood (1938) (table III, overcast days in December). The presence of the low cloud enables us to arrive at a reasonably sound estimate of the quantities of heat involved in radiation. If the cloud tem perature exceeds th a t at the ground, which is sometimes the case in these situations, and both are assumed to radiate as black bodies, then water vapour between cloud and ground approximately halves the black-body radiation interchange, and at ordinary temperatures the ground will gain heat a t a rate of about 0-1 cal./cm.2/hr./° C temperature difference. This difference does not normally exceed 2° C. The estima tion of the latent heat quantities is made difficult by the lack of experimental data, but information received from Rothamsted Experimental Station (for which we are grateful to Dr H. L. Penman) indicates th at in these situations evaporation may be negligible, or may even be negative, i.e. water is condensed on the earth's surface. Johnson & Heywo (1938) , tables XV and X X III). The amount of heat flowing downwards in 2 days is then 36 cal./cm.2. The heat capacity of 50 ft. of air can be neglected by comparison with that of a few inches of soil, and measurements of changes of soil temperature show th a t nearly all the heat should go to warming the top 4 in. This layer should then warm by 6° C. Records of earth temperature in the top 8 in. of soil taken over the past 2 years at Dunstable and Cardington show th at in such situations the change in sensible heat of the top layers of the ground in 2 days is almost negligible. Thus, when consideration is given to the other heat quantities involved, it appears th at in fact the flux of energy due to eddying motion must be a small fraction of the above 36 cal., and may even be directed upwards.
The three types of synoptic data thus strongly indicate th at the classical theory fails to give a complete picture of the turbulent exchange. In each case the second term in equation (5) gives a term which acts in the right sense to account for the discrepancy.
Variations of temperature at a fixed level
A direct assessment of the importance of convective turbulence requires a know ledge of the magnitude of T". This is not a measurable quantity, but its order of magnitude must be the same as th at of T ' , the v level. Observations of T ' have recently been taken at Cardington a t a site over flat open grassland with good exposure. Temperature traces are obtained by means of a continuous record of the e.m.f. from sensitive thermocouples (36 s.w.g. copper, 40 s.w.g. Eureka). The cold junctions of these instruments are immersed in melting ice and the aspirated warm junctions, shielded from radiation, provide a con tinuous record of the air temperature at any required height, to which the instru ment is hoisted by attachm ent to a balloon cable.
Corrections to the recorded amplitude for instruments of this type have been studied by Bilham (1935) . For the instrument in use an initial difference between instrument and air temperature is reduced by 90 % in 5 sec., so th at for fluctuations of period of the order of 10 sec. about one-half of the true amplitude is recorded. Figure 1 , (a), (6) Before discussing the full implications of these traces it is of interest to see to what extent their features can be explained by the classical theory of mechanical turbulence. If this mechanism is to control the eddy flux of heat, it must at the same time account for the distribution of temperature observed at any level. The upper limit to the fluctuation produced by this means is l . In fact, as the ultimate mixing is a gradual rather than a discontinuous process, one would expect the fluctuations to be appreciably less than this. Another upper limit, this time to the physically possible values of the mixing length, is set by the fact th a t heat is being continually diffused a t the boundaries of the eddy. I t is known th a t the ' size-spectrum ' of atmospheric eddies contains eddies of all sizes down to very small dimensions. Since we are concerned in this section with hot and cold parcels of some tens of feet in diameter it is natural to suppose th at the heat of such parcels is mainly diffused by eddies of smaller size which are, nevertheless, very active diffusing agents as compared with molecular processes. Scrase (1930) has shown th at a large proportion of eddies a t a height of 19 m. have periods of the order of 1 sec., and further th at such eddies account for a value of K (for momentum) of 6 x 104 cm.2/sec.
The equation for heat conduction with spherical symmetry may be written a2t 2 <m If Scrase's value of K is adopted as being applicable to this scale of heat diffusivity, the solution shows th at for an eddy of diameter 20 m. the excess temperature at the centre will fall to one-third of its initial value in about f min. Half-way from the centre to the boundary the fall to one-third will occupy 5 sec. In practice the region outside the eddy boundary, or sink region, is subject to fluctuating temperatures which will further accelerate the loss of heat of the eddy.
Since w is of the order of 50 cm./sec., an eddy life of only some seconds will result in small values of l in the surface layers. I t must be admitted th at the magnitudes used in this calculation are no more than tentative, and th at the small eddies may not be operative to the same extent at greater distances from the earth's surface. Nevertheless, it seems highly improbable th at an l of some hundreds of metres, which would be necessary to cause the observed fluctuations, can occur.
Returning to the illustrated traces, figure 1 (a) shows the variations of temperature at 4 ft. 6 in. above the ground for a period of about 2 hr. (1450 to 1650 g.m.t . on 27 June 1945). The trace was taken a few hours after the passage of a cold front, with a light (6 to 10 m.p.h.) northerly wind and variable amounts of cumuliform cloud clearing from nine-tenths shortly after the start of the period. Allowing for Bilham's correction factor we may deduce representative (root mean square) values of of 1*5° C while the temperature was approximately steady, but 2° C and 0-5° C while the temperature was respectively rising and falling rapidly, with 0*5° C during the initial overcast period.
Although detailed information as to the temperature profile in the lowest layers was not available at Cardington on this occasion, reference to investigations by J ohnson & Hey wood (1938) and Best (1935) over similar sites permits a good estimate of the significant elements to be made. I t is a fact of observation from Cardington th at lapses greater than 4° O between screen level and 350 ft. have not been observed, so th at the peaks and troughs of the temperature trace could only be due to eddies coming from very close to the surface and from several hundreds of feet respectively. On the basis of the computations made from Scrase's figures this explanation is most unlikely. (Note th at the troughs are not noticeably broader than the peaks, as would then be the case.) Its improbability may be further demonstrated by watching drifting clouds of smoke near the ground, for it may be seen th at only occasional ' puffs ' rise or fall more than a few feet even in very turbulent conditions. Furthermore, Best (1935, table X III) arrives at a value of A of about 103 at 4 ft. Gin. on clear days, and with his representative value of w (table X X X III) of 50 cm./sec. appropriate to winds of 6 to 10 m.p.h. one is not justified in assessing the value of l a t more than about 1 m. Sutton (unpublished) deduces a yet much smaller value of K in these conditions. A lapse rate of 50 is a generous estimate for this level (Johnson & Heywood 1938, table III; Best 1935, table V) . One may therefore quote 1° C as a very generous upper limit to the total range of fluctuations due to mechanical turbulence, ignoring the accelerating effect of the fluctuations in the sharing of heat between eddies and their surroundings. The actual range of 4° C cannot be explained on the basis of the transport of average eddies from different levels. Figure 1 (6 ) , obtained at a height of 3700 ft. about 1500 g .m .t . on 3 August 1945, is typical of the fluctuations on a clear hot summer afternoon with little wind. Representative values of T' from this trace are 0-5° C and the lapse rate was so close to the dry-adiabatic th at a mixing length of 1500 ft. would be required to account for the fluctuations. Nothing is known of the values of w at this height, but an assump tion of 100 cm./sec. would lead to an eddy-life of 8 min. and a value of K probably well in excess of 106, which can hardly be accepted. A smaller value of say 20 cm./sec., would imply an eddy-life of about 40 min., which must again be rejected on the basis of earlier calculations.
. T h e b u o y a n c y t e r m
I t appears that mechanical turbulence, in failing to account for the observed fluctuations, must be equally inadequate to give a complete representation of the flux of heat. It remains to estimate whether the buoyancy term, i.e. the second term on the right-hand side of equation (5) first term. This estimation merely involves a rearrangement of the arguments of the previous section, using the same examples and figures. I t is not possible to measure T" directly, but the appropriate values of l and 3 TJdz, when substituted in equation (4), show th at T" cannot differ in order of magnitude from T '. Observations of T ' can therefore be used in assessing the magnitude of wT".
In example 1 (a) the estimated magnitudes are accordingly:
+ r 103 cm.2/sec. or considerably le^s (Best 1935, table X III).
0*005° C/cm.
IdT \ X I + jT| 5° C x cm./sec. or much less.
T ff 2° C. 50 cm./sec.
Thus even with the very generous magnitudes allowed for K and + JH it requires only a very small correlation between w and T" to produce a term of comparable (dT \ magnitude, and the buoyancy flux may be several times greater than K y~ + JTl.
In example 1 (6), dTJdz can be estimated from synoptic observations, and we have
[a generous estimate for light winds, see B runt (1939) and Haurwitz (1941) ].
IO-50 C/cm. X^° + r ) 1° C x cm./sec.
w is not known, but it is clear th at the buoyancy term is potentially the greater. So far as absolute magnitudes are concerned, considerations of the heat balance in the lower layers indicate th at the upward flux in example 1 (a) is of the order of 15 cal./cm.2/hr. The flux from the term K l -j~+ r \ is only 4 cal./cm.2/hr., but a figure of 15 would be provided by the wT" term provided th at the correlation coeffi cient between w and T" were as high as 0*2. Such a correlation, which implies th a t only 4 % of the total variance Zw2 is associated with variations estimate. A similar correlation coefficient in 1 (6), assuming a representative w of 50 cm./sec., would give a flux a t 3700 ft. of 4 cal./cm.2/hr., which would represent a very important contribution to the heat balance.
Thus a wide variety of synoptic evidence points to the conclusion th at the buoyancy term wT" is not only important but, in many situations, may be dominant in the heat flux. Away from the earth's surface the assumption th at the magnitudes of T" and T ' are equal becomes more than ever justifiable, but w cannot readily be measured and so it is desirable to find some expression for the buoyancy flux which does not contain w explicitly. To do this further assumptions are necessary, and these may best be made from dimensional considerations. In the extreme case when the motion due to buoyancy predominates, an element which has moved upwards a distance z from its rest position will have an upward acceleration dw dt dw q WTz X T" |V±z( f +r)], the sign being -f or -according as the lapse rate is greater or less than the adiabatic, and the sign of proportionality being used to allow for the gradualness of the mixing process. From considerations of conduction in the previous section it may be sup posed th at the path L is short enough for the variations in TQ and dTJdt to be ignored when integrating, whence
The path L will be determined by the magnitude of T" and the lapse rate, and so will be assumed proportional to the length defined by Formula (6) and its derivation are not applicable when the lapse rate is very close to the dry-adiabatic. I t is of some interest to see how the buoyancy term may be expected to behave in the region where the entities may be approximated by simple power laws in terms of the height. Reference to Johnson & Hey wood (1938) figure 16 , shows that on sunny June days the fluctuations fall off approximately as the square root of height, dT while from the first part of table III it appears that + r will fall off as some power between 1*5 and 2. Thus in such conditions the buoyancy term will fall off only very slowly with height. By measuring the temperature trends at different levels Sutton (unpublished) also deduces that the upward flux under these conditions shows only a very gradual decrease with height.
36-2
Combination of mechanical and buoyancy flux
In the preceding sections a sharp distinction has been drawn between mechanical and convective turbulence, as represented by the two terms in equation (5). This was done in order to emphasize the importance of the new term, but in reality the distinction is rather artificial. The two effects are necessary concomitants of each other, and are in many respects inseparable. This may be demonstrated by considering the extreme case in which buoyancy forces alone are operative, and in which each element is allowed to move without interference from other elements. If its motion is adiabatic, the element will then execute an approximately simple-harmonic motion with semi-range equal to the buoyancy length (defined below) and no net flux of heat will result. In order to account for a flux of heat, allowance must be made for the mutual interaction of the elements in the sharing of heat content and in interference with relative motions. I t is known th at mechanical turbulence will increase this mutual interaction many times over its magnitude under ordinary molecular processes; so that, even in cases where the flux of heat is predominantly controlled by convective turbulence, the mechanical turbulence plays an essential part in ensuring th at heat carried upwards is shared by the upper layers of air and is not subsequently brought down again by a reversal of the buoyancy force on the same elements.
The mathematical link between the two terms can be illustrated by the intro duction of a length ""
This length may be termed the ' buoyancy length ' to distinguish it from the more familiar concept of mixing length. When the lapse rate is less than adiabatic, the buoyancy length has an immediate physical significance as representing the distance through which a buoyant element can move adiabatically before losing the net upward force upon it. Substituting from (7) in (5), the rate of upward flux becomes an expression analogous to equation (3) for the classical theory. For lapse rates less than adiabatic, K ' is capable of assuming both positive and negative values, so th at the direction of flux is not necessarily determined by the gradient of potential temperature. K ' will depend, among other things, on the amplitude of the tem perature fluctuations at a fixed level. Whereas, in preceding sections, examples and arguments have been adduced to show th at the flux of heat may often be opposed to th at indicated by the gradient F = -P"cpw ( i -r )^+ r j which may be written
of potential temperature, there is good evidence th at in certain situations th a t gradient does in fact coincide with the direction of heat flux. For example, when air is being cooled by advection over cold ground, records of earth temperature at Cardington have shown th at a usual rate of warming of the ground is a mean rise of temperature of 0*5° C/hr. in the top 8 in. of soil. This represents a very substantial rate of transfer of heat from air to ground and, if both mechanical and convective turbulence are operative in such conditions, it might be expected th at the latter would be very small since its contribution to the heat flux is always upwards. Accordingly temperature traces have been made in the lowest few thousand feet on several such occasions. The trace shown at figure 1 (c) , which is typical, shows the temperature behaviour a t 3000 ft. on 11 September 1945, when marked advective cooling of the air was in progress, accompanied by overcast skies, and the top 8 in. of soil were being warmed a t a mean rate of over 0-5° C/hr. Similar traces were obtained at 2, 4, 5 and 6000 ft.
Comparison of the trace with those shown in figure 1 (a) and (6) shows a notable absence of fluctuations and indicates th at the upward flux of heat by convective turbulence is much less than in the examples studied in these figures, thus confirming the expectation above. Here, therefore, it seems th at mechanical turbulence dominates the transfer of heat, and the gradient of potential temperature is in the direction of heat flow.
I t is of interest to estimate the value of K ' necessary to transport heat downwards fast enough to warm the earth at the rate indicated above. The heat capacity of the top layers of the soil at Cardington has been measured-it is approximately 0-6 cal./c.c. for the degree of wetness occurring on 11 September 1945. Thus, with dT -~ + jT approximately 10~4°C/cm., we find to be about 5 x l 04 c.g.s. units.
This compares with Taylor's (1915) estimate of 3 x 103 over the sea (Great Banks) in a similar wind, but with a marked inversion replacing the isothermal condition at Cardington. Thus in situations of advective cooling the flux of heat is directed downwards, K ' being positive and of considerable magnitude. In fine weather in summer the lapse rate near the ground is greater than adiabatic and K ' will be large and positive there, but may change sign in the region where the lapse rate becomes less than adiabatic with the flux of heat still directed upwards. When cold air is being warmed by advection the evidence points to a considerable flux of heat into regions, well away from the surface, where the lapse rate is stable, and thus indicates a large negative value of K ' . This coefficient is then seen to depend very larg synoptic situation. The classical theory also stresses this dependence of K, but the considerations presented here indicate that not only the magnitude but also the sign of A ' is a function of the synoptic situation.
Vertical transport of heat by turbulence in the atmosphere 559
. G e n e r a l a p p r e c i a t i o n a n d e x t e n s i o n t o o t h e r p r o p e r t i e s
In the extreme types of situation characterized by advective cooling and warming of air it seems th at mechanical and convective turbulence respectively dominates the vertical heat flux. In the synoptic situations ranging between these extremes it seems likely th at the one type of turbulence will gradually yield in importance to the other, and the various situations will be characterized according to the extent of predominance of the one or the other mechanism . I t is possible th a t in certain ' quiet ' types of weather a state of balance between the two may be approached. I t is not possible to categorize, from this point of view, the different situations th a t occur without further extensive experimental investigation. This investigation should cover several heights at all times of day in a wide variety of synoptic situa tions, and should embrace different regions, with special attention to the nature of the underlying surface. At the same time an instrument might be devised to measure w T' directly, and thus the total flux as shown by expression (2).
From the theoretical standpoint there is the need for extension of the theory and observations to properties other than temperature. The arguments of § 5 applied to the quantity T + T z are equally valid for any other physical property whic be considered as conserved in vertical motion up to the time a t which an eddy loses its individuality by mixing processes. Examples of such properties are momentum in a given direction, specific humidity, dust content, and the salinity of the ocean. Now in a turbulent regime every property is likely to be subject at all levels to fluctuations similar to those represented by T ". Thus for each pro turbulence is considered, the possibility of the existence of the discriminatory second term in (5) must be borne in mind. This applies immediately to any property which depends upon the density, or which affects the density, of the medium. In such cases the potential magnitude of the second term must, if possible, be estimated in relation to th a t of the first. From the fact th at each property which evidences a discrimina tion is likely to do so to a different extent, it follows th at the measure of transport may be expected to be different for various properties; and th a t a pronounced discrimination in the case of one property will affect the transport of a second pro perty if the two are for any reason correlated. So far as is known this paper provides the first real physical justification for the use of different values of K for the transport by turbulence of different properties.
I t also follows from expression (5) and the definition of l th at properties which are subject to no discrimination in the direction of transport, and are uncorrelated with any property which is so subject, will be transported by the same mechanism, as represented by the first term, with the same value of K . This result depends on the validity of regarding the mixing process as discontinuous; which is justifiable provided th at the mechanical disruption of the eddy is the predominant factor in mixing, as opposed to the gradual transfer of the property from one eddy to another by molecular processes.
In connexion with other properties it is of interest to note th a t a continuous record of the wet-bulb temperature was obtained synchronously with the dry-bulb trace of figure 1 (a) . The similarity of the peaks and troughs in the two traces was extremely striking, but consideration of the implied fluctuations in humidity has been left for future work.
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